Indirect decompression in spinal surgery means decompression of spinal nerve tissues, such as spinal cord and nerve, without resecting the compressing tissue. Indirect spinal decompression procedures largely can be divided into segmental procedures and global spinal alignment procedures. Segmental procedures are mainly performed by the distraction between two vertebrae, which lead to the opening of the neural foramen and increases the epidural space. Such distraction can be performed through the disc space or using posterior instrumentation. Global spinal alignment procedures allow the spinal cord to migrate dorsally away from areas of anterior compression. Understanding the indirect spinal decompression procedures may broaden the options for surgical treatment and decrease the risk of spinal nerve tissue injury.
Introduction
Surgical treatment for neurological symptoms in spinal surgery can be achieved by decompression of the symptomatic neural elements. There are two ways to decompress such neural elements, that are direct and indirect decompression procedures. The direct decompression procedure is achieved by the resection of impinging bone, ligaments, and disc material, which are directly compressing neural elements [1] . Complications associated with direct decompression include spinal cord injury, nerve root injury, dural tear, epidural hematoma, epidural fibrosis, and iatrogenic instability [2] [3] [4] [5] . On the other hand, the indirect decompression procedures enable the decompression of neural tissue without resecting the compressing tissue.
Indirect decompression procedures largely can be divided into segmental procedures and global spinal alignment procedures (Table 1) . Segmental procedures are mainly performed by the distraction between two vertebrae, which lead to the opening of the neural foramen and an increase in epidural space. Such distraction can be performed through the disc space or using posterior spinal instrumentation. There are several types of procedures for both disc space and posterior segmental distraction. Segmental procedures also include ligamentotaxis technique and correction of segmental spinal alignment. Global spinal alignment procedures allow the spinal cord to migrate dorsally away from areas of anterior compression. These procedures can be performed by using natural global spinal alignment or by correction of global spinal alignment using posterior spinal instrumentation. This article reviews such indirect spinal decompression procedures.
Segmental procedure

Basic segmental distraction procedure
Disc space utilization procedure
This procedure is performed by restoration of disc height. The interbody graft expands the diameters of the foramen, which contributes to decompression of the nerve root and alleviation of the radicular pain [6] . In addition, indirect spinal canal decompression can be achieved by reduction of disc bulging and elongation of the hypertrophied ligamentum flavum through the restoration of disc height [7] . The degree of indirect decompression can be affected by the height of interbody graft. When the graft height is larger, distraction in the canal and foramen can be larger theoretically. In contrast, the subsidence of interbody graft has a negative effect on the maintenance of indirect decompression. Furthermore, previous study revealed a minimum effect of indirect decompression of the spinal canal following lumbar interbody fusion in patients after laminectomy; therefore, an effect of indirect decompression may not be expected in patients lacking the posterior elements after laminectomy [7] .
Such procedure for cervical spine is anterior cervical discectomy and fusion (ACDF). Albert et al. [8] described an average foraminal area increase of 33% after ACDF. Fujibayashi et al. [9] compared the clinical and radiological outcomes between the stand-alone interbody cage (without screws) and autologous iliac bone grafting with an anterior plate. Although the clinical results did not differ, the cage-treated group showed high incidence of cage subsidence and loss of acquired alignment. Thus, the plating may prevent the subsidence.
There are several indirect decompression procedures utilizing the disc space of lumbar spine, which are transforaminal lumbar interbody fusion (TLIF), anterior lumbar interbody fusion (ALIF), extreme lateral interbody fusion (XLIF), and oblique lateral interbody fusion (OLIF). Clinical outcome improvement has been reported for each procedure [10] [11] [12] [13] .
Previous studies reported successful contralateral foraminal indirect decompression utilizing TLIF [10, 14] . Iwata et al. [14] evaluated morphologic changes of the foramen on the side contralateral to spacer insertion in patients undergoing TLIF using computed tomography scan, which increased significantly after the surgery. ALIF may have the best possibility of indirect decompression. ALIF is performed by cutting anterior longitudinal ligament; therefore, larger height graft can be placed. Several studies reported significant indirect foraminal decompression using ALIF [11, 15, 16] . Cho et al. [15] reported that the average increase in foraminal dimension was 43.3%. Using specific foramen measurement technique, Rao et al. [16] also reported that ALIF resulted in significant improvement in foraminal dimensions (area = 67%, height = 21%, and width = 38%) (Fig. 1 ). In addition, Hsieh et al.
[11] performed a retrospective radiographic analysis directly comparing ALIF with TLIF. The result demonstrated that ALIF is superior to TLIF in its capacity to restore foraminal height.
XLIF procedure has been developed recently and used increasingly. XLIF is performed using a lateral approach that passes through the retroperitoneal space and psoas muscle [17] . Oliveira et al. [18] reported that substantial dimensional improvement was evidenced with the increases of 13.5% in foraminal height, 24.7% in foraminal area, and 33.1% in central canal diameter. Kepler et al. [12] also reported improvement of foraminal area by as much as 35% in degenerative foraminal stenosis using XLIF. OLIF procedure was introduced more recently and has several theoretical advantages over XLIF procedure. These include less invasion of the psoas muscle and lumbar plexus, decreased need for neuromonitoring, and access to the L4-5 level with a high-riding pelvis and the L5-S1 level [7] . Fujibayashi et al. [7] reported that the mean cross-sectional area of the thecal sac increased from 99.6 mm preoperatively to 134.3 mm postoperatively using OLIF. Sato et al. [19] also reported significant increases in spinal area (19%) and intervertebral foramen areas (21% $ 39%).
Posterior segmental distraction procedure
Distraction between the posterior segmental instrumentation also can achieve indirect decompression. Jenis et al. [20] performed an anatomical cadaver study in order to determine the role of posterior cervical distraction with posterior lateral mass screw-rod instrumentation on foraminal dimensions and segmental kyphosis. Minimal posterior distraction of 4-6 mm at C5-6 and C6-7 may enlarge the neuroforamen by 10-18 mm 2 and distraction leads to minimal segmental kyphosis. Inufusa et al. [21] also performed a cadaveric study in order to analyze the changes of foraminal dimensions of the lumbar spine achieved with pedicle screw instrumentation distraction. At 6 mm of distraction, the greatest incremental change in the foraminal area was noted. The L4-L5 foraminal area increased 22.6% at 6 mm of L4-L5 distraction, and the L5-S1 foraminal area increased 39.2% at 6 mm of L5-S1 distraction. The foraminal change plateaued with distraction above 6 mm. The decrease in lumbar lordosis was 4.6°at 10 mm of distraction. At foramina in adjacent levels, there was no significant effect of distraction.
Recently, an interspinous device (ISD) has been developed for lumbar spinal stenosis (LSS) [22] [23] [24] . This device is placed between the spinous process of the lumbar spine and achieves indirect compression. The design of the implants aims at limiting lumbar extension and increasing the interlaminar space of the affected level [25, 26] . The mean expansion of the spinal canal after insertion of the ISD is reported between 18% and 23%, with differences between the standing and seated neutral position at 23 and 21%, respectively [25, 27, 28] . The foraminal area is also increased by a mean of 25% after insertion of ISD, and the foraminal width can increase up to 40% [27, 29] . Severe osteoporosis is a contraindication of ISD placement because fracture can occur intra-or postoperatively [30] . There is no conclusive evidence that ISD could give significant kyphosis [30] . In a meta-analysis study, ISD showed better clinical outcome compared to conservative treatment and similar clinical outcome compared to decompression surgery [31] .
Goel et al. [32] developed unique intra-articular spacers to distract facets, which is aimed towards arthrodesis of the spinal segment in a distracted position. There was an increase in the spinal canal and intervertebral root canal dimensions, reduction of buckling of the ligamentum flavum, and reduction of the extent of bulge of the disc into the spinal canal with the impaction of spacers within the facet joints. They performed this procedure on patients with single-and multilevel cervical spondylotic radiculopathy and myelopathy. All patients had variable degrees of alleviation from symptoms of pain, radiculopathy, and myelopathy. They also performed this procedure on patients with LSS [33] . All patients had variable degrees of alleviation from symptoms of local back pain and radiculopathy. Additionally, all patients had evidence of segmental bone fusion. In both studies, the spacers within the facets resulted in an increase in the intervertebral foraminal dimension, height of the intervertebral disc space, and interspinous distance. However, patients were placed on activity restriction after surgery. The lumbar patients were restricted to bed rest for a period of 8 weeks postoperatively because the aim of the operation was arthrodesis of the spinal segment.
Ligamentotaxis procedures using posterior spinal instrumentation
This procedure has been performed for burst fracture for decades and is also a segmental distraction procedure using a unique way. In the setting of burst fracture, the fracture fragments from the posterior vertebral wall, where the posterior longitudinal ligament (PLL) is attached, retropulse into the spinal canal [34] . Utilizing a technique known as ligamentotaxis, a strong distraction force is applied, which tenses the PLL, and leads to an indirect reduction of the fracture fragments (Fig. 2) [35] [36] [37] [38] [39] . Crutcher et al. [40] reported a 50% reduction of spinal canal stenosis in patients with thoracolumbar burst fractures in the setting of posterior distraction instrumentation with ligamentotaxis. However, in patients with PLL rupture or with disruption of the annulus fibrosus, ligamentotaxis is not effective because an intact ligament is necessary for the indirect reduction [41] . The ligamentotaxis technique is contraindicated in cases with free bone fragments [41, 42] . This is shown by the concept described as the ''reverse cortical sign," where the fracture fragment is rotated 180 degrees -with the cortical surface of the posterior vertebral wall facing anteriorly while the cancellous bone faces posteriorly into the canal [41, 42] . In this situation, reduction via distraction can lead to further dislocation and displacement of the fragment and may push it into the dural sac [42] .
Abumi et al. [43] applied ligamentotaxis indirect decompression for cervical traumatic disc herniation in the setting of acute cervical spinal injuries. They performed this procedure through a single posterior approach utilizing a cervical pedicle screw (CPS) system. CPS is strongly fixated to the vertebra, which allows the application of distraction forces to the injured cervical spinal segment. This distraction force widens and restores the injured disc space to its normal height. Concurrently, the posterior annuls fibrous and PLL are stretched. This tension to the ligamentous complex generates a ligamentotaxis effect, effectively reducing the disc extrusion (Fig. 3) . In such cervical injuries, it is estimated that the majority of patients have preserved ligamentous continuity. Abumi et al. [43] did not observe any discontinuities of the PLL on sagittal views on magnetic resonance imaging (MRI) in their series. Postoperatively, patients had alleviation of thecal sac and/or spinal cord compression while neurological deterioration was not observed in the immediate postoperative period.
Correction of segmental spinal alignment using instrumentation
This procedure has been performed for the upper cervical spine. Abumi et al. [44] performed surgical treatment to the patients with lesions at the craniocervical junction. The combined use of CPS and occipitocervical rods for reconstruction of occipitocervical lesions provided a sufficient correction of malalignment of the craniocervical junction by application of the combined force of extension and distraction (Fig. 4) . As a result of the reduction, mechanical stress to the anterior portion of the medulla oblongata was decreased, and medullary compression symptoms caused by irreducible atlantoaxial dislocation were improved or disappeared in all patients. Kim et al. [45] performed indirect decompression for a prior severe C1-2 dislocation causing progressive quadriparesis. They reduced using posterior C1-2 segmental screw fixation by compression between the C1 and C2 screw heads and by pulling the C1 screw posteriorly and pushing the C2 screw anteriorly. Goel et al. [46, 47] also reported the surgical treatment of basilar invagination and fixed atlantoaxial dislocation. They obtained reduction by the C1-2 joint distraction with the insertion of spacer and by using a plate and segmental screws. All patients achieved indirect decompression and exhibited neurological improvement [46, 47] .
Global spinal alignment procedure
Utilization of natural spinal alignment
Cervical laminectomy and laminoplasty procedures have been performed for decades. The mechanism of indirect decompression for both procedures is similar. These procedures can remove the posterior compressing factor directly and, at the same time, can allow the spinal cord to migrate dorsally away from areas of anterior compression; therefore, spinal cord can be decompressed indirectly from the anterior compressing factors. These procedures are particularly useful for ossification of PLL (OPLL) (Fig. 5) because anterior surgery for OPLL is technically demanding and previous literature showed poor outcome of anterior surgery for OPLL [48] [49] [50] .
The efficacy of such indirect decompression can be affected by alignment of cervical spine. When the alignment of cervical spine is kyphotic, spinal cord does not shift posteriorly. Hamanishi and Tanaka [51] mentioned a minimum lordosis of 10°required for adequate dorsal migration of the spinal cord following cervical laminectomy. Suda et al. [52] conducted a study to determine the limitation of posterior decompression by laminoplasty for cervical spondylotic myelopathy (CSM) in the presence of local kyphosis. They found that patients with overall cervical kyphosis showed poor recovery and the highest risk of poor recovery was local kyphosis exceeding 13°. Fujiyoshi et al. [53] developed the K-line, as a method of predicting poor outcome in patients with OPLL. The K-line is a radiographic measurement that connects the midpoints of the spinal canal at C2 and C7 on neutral lateral radiographs. They found that neither sufficient posterior shift of the spinal cord nor neurological improvement was obtained after posterior decompression surgery in patients with OPLL that exceeded the K-line (the K-line (À) group). Furthermore, Taniyama et al. [54] defined a modified K-line that connects the center of the spinal cord at the inferior endplates of C2 to C7 on the MRI mid-sagittal image, to predict unsatisfactory indirect decompression after laminoplasty in patients with CSM (Fig. 6) . The minimal interval between the modified K-line and the anterior compression factor of 4 mm was found to be predictive of postoperative anterior compression of the spinal cord with moderate accuracy.
In addition, when the extent of decompression is not extensive, the spinal cord does not shift posteriorly enough. Kong et al. [55] performed a study to elucidate the effect of decompression on cord shift distance after laminoplasty, and to determine the morphologic limitations of the posterior approach when the alignment of the cervical spine is lordotic or straight. The distance of cord posterior shift was the smallest in laminoplasty from C3 to C7 and largest in laminoplasty from C1 to C7. They recommended C1/C2 to C7 laminoplasty if the thickness of anterior compressive mass is !5.5 mm and the occupying ratio is !45%.
Correction of global spinal alignment using posterior spinal instrumentation
Indirect decompression by correction of global spinal alignment using posterior spinal instrumentation has been reported for cervical and thoracic spine [56] [57] [58] [59] . These procedures also need posterior decompression to allow the spinal cord to migrate dorsally away enough from areas of anterior compression. Abumi et al. [56] reported case series of correction of cervical kyphosis using CPS system. They present a postlaminectomy kyphosis case, whose spinal cord draped over the kyphotic area. Correction of kyphosis using CPS system improved kyphosis and spinal cord was indirectly decompressed anteriorly. As a result, myelopathy markedly recovered. Matsumoto et al. [57] also presented a case with preoperative cervical kyphosis, who had cervical myelopathy secondary to segmental-type OPLL. The patient received laminectomy and posterior instrumented fusion using CPS to restore lordosis, which resulted in good decompression (Fig. 7) . However, Hojo et al. [60] reported high incidence of postoperative neurological deficits when attempting to correct cervical kyphotic deformity, and, as the correction angle increased, the incidence of this complication became higher. One of possible causes of this complication was iatrogenic foraminal stenosis; therefore, foraminotomy procedure is recommended for this procedure.
This technique in thoracic spine can be performed by correction of thoracic kyphosis using posterior spinal instrumentation. Matsuyama et al. [58] performed a study of patients who underwent posterior decompression with corrective fusion using pedicle screw fixation for OPLL of the thoracic spine. This procedure enables indirect decompression to the vulnerable spinal cord by dekyphosis of the thoracic spine. The mean preoperative thoracic kyphosis measured 58°, and was corrected to 51°after surgery. Ando et al. [59] reported the outcomes after dekyphosis and indirect decompression adding multilevel Ponte procedure for thoracic OPLL (Fig. 8) . The mean preoperative thoracic kyphosis of fusion levels on standing radiograph measured 35°and was corrected to 21°after surgery. They concluded that the addition of Ponte procedure is a useful method to achieve more effective dekyphosis and indirect spinal cord decompression. In both case series, patients obtained satisfactory clinical outcomes.
Summary
The indirect decompression procedures in spinal surgery enable the decompression of neural tissue without resecting the compressing tissue. There are various indirect decompression procedures. Understanding those indirect spinal decompression procedures may broaden the options for surgical treatment and decrease the risk of spinal nerve tissue injury.
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